Over 1,000 cases of hemorrhagic fever with renal syndrome (HFRS) were recorded in the Republic of Tatarstan (RT) in 2015. HFRS is a zoonotic disease caused by several different Old World hantaviruses. In RT, Puumala orthohantavirus (PUUV) is a prevalent etiological agent of HFRS. We looked for the genetic link between the PUUV strains isolated from the bank voles and from the infected humans. In addition, possible correlation between the genetic makeup of the PUUV strain involved and different clinical picture of HFRS was investigated. Partial PUUV small (S) genome segment sequences were retrieved from 37 small animals captured in the northwestern region of RT in 2015. Phylogenetic analysis revealed that 34 PUUV sequences clustered with strains of the previously identified "Russia" (RUS) genetic lineage, while 3 remaining PUUV sequences clustered with the known lineage from Finland (FIN). Sequence comparisons showed that the majority of the S-segment sequences isolated in the current study displayed 98.2-100.0% sequence identity when compared with the strains isolated earlier from the HFRS patients hospitalized in Kazan city. HFRS patients infected with PUUV strains of either RUS or FIN genetic lineages were observed to have consistent differences in clinical presentation of the disease and laboratory findings. These findings indicated a strong genetic link between the infected bank voles and human HFRS cases from the same localities. Thus, S-segment sequences of the PUUV strains isolated from HFRS patients could serve as a molecular marker for determining the likely geographic area where infection occurred.
INTRODUCTION
The Republic of Tatarstan (RT) is among the regions of the Russian Federation (RF) with the highest annual load of the human cases of hemorrhagic fever with renal syndrome (HFRS). In 2015 alone, more than 1,000 cases of HFRS were diagnosed in the RT (Matrosov, 2016) , thus placing this region into the fourth place with respect to the prevalence of this zoonosis infectious disease after Udmurtia, Bashkiria, and Mordovia in the Volga Federal District (VFD) of the Russian Federation (RF). Puumala orthohantavirus (PUUV) is one of the known causative agents of HFRS in humans, which causes a mild form of the disease with the fatality rate <0.43% (Lee, 1999; Khismatullina et al., 2016) . PUUV belongs to the genus Orthohantavirus, family Hantaviridae. The main primary reservoir for PUUV is the bank vole, Myodes glareolus (Vapalahti et al., 2003; Tkachenko et al., 2012) .
The PUUV tripartite genome consists of the S (small), M (medium), and L (large) single-stranded negative-polarity RNA segments: the S-segment codes for the nucleocapsid protein (NP), the most abundant protein produced in infected cells; the M-segment codes for the precursor of the envelope glycoproteins (Gn, Gc); and the L-segment codes for the RNA-dependent RNA polymerase (Plyusnin et al., 1996) . Currently, eight genetic lineages of PUUV have been documented in various regions in Europe and western Siberia (Razzauti et al., 2013) . Earlier, two distinct genetic lineages of PUUV were identified circulating within the bank vole populations in Russia. "Russia" (RUS) genetic lineage includes strains from the Samara region, Bashkiria, Udmurtia, and Tatarstan (Plyusnin et al., 1994; Lundkvist et al., 1997; Kariwa et al., 2009) , and "Finland" (FIN) genetic lineage includes strains from Karelia and western Siberia (Asikainen et al., 2000; Dekonenko et al., 2003; Yashina et al., 2015) . Between these two lineages, S-segment nucleotide sequences diversity reaches over 15% , while within a local rodent population, nucleotide sequence diversity does not exceed several percent within one lineage (Avsic-Zupanc et al., 2007; Kariwa et al., 2009; Razzauti et al., 2009) . Although significant achievements have been made in the study of PUUV genetic diversity in Eurasia, only few investigations touched a question of the possible link between genetic composition of the PUUV strains in the bank voles and in the HFRS patients with different clinical manifestations of the disease (Horling et al., 1995; Plyusnin et al., 1997; Bahr et al., 2006; Garanina et al., 2009 ).
In our previous research (Davidyuk et al., 2017) , we identified the PUUV strains in 25 patients diagnosed with HFRS in RT and 8 patients from the Republic of Mordovia. In the current study, genetic link between the PUUV strains isolated from the lungs of the bank voles and the RT PUUV strains identified earlier from infected humans was investigated. In addition, possible correlation was evaluated between genetic compositions of the PUUV strains infecting humans and differences in the clinical picture seen in the corresponding HFRS patients hospitalized in Kazan City.
MATERIALS AND METHODS
Patients. Clinical manifestations of HFRS were studied in 74 patients who met the case definition and were receiving treatment in the Tatarstan Republican Clinical Infectious Diseases Hospital in Kazan City in 2015. According to the reports obtained from the patients, the infections occurred in the northwestern part of RT. Patients were hospitalized for 5-6 days of illness. The first sampling was carried out on the first day of admission to the clinic. Initial HFRS diagnosis based on the clinical and epidemiological criteria was confirmed by ELISA detection of antihantavirus IgM and IgG antibodies. The PUUV partial S-segment sequences were obtained from 25 patients in our previous work (Davidyuk et al., 2017) . Three patients were excluded from the analysis because their clinical data were incomplete. The Institutional Review Board of the Kazan Federal University approved this study, and informed consent was obtained from each study subject according to the guidelines approved under the corresponding protocol.
Tissue samples. Frozen rodent lung tissue samples and information about trapping localities were obtained from Federal Healthcare Institution "Center for Hygiene and Epidemiology in the Republic of Tatarstan (Tatarstan). " Rodents were trapped in the northwestern regions of the Republic of Tatarstan in May and September 2015 (information about the geographic locations of the trapping sites is shown in Figure 1 and Table 1 ). All PUUV sequences obtained from the serologically positive bank voles were named to include their corresponding virus name, trapping region, strain designation, and year (for example PUUV/ Vysokogorsky/MG_054/2015).
RNA Extraction, cDNA Synthesis and PCR
Total RNA was extracted from lung tissues of bank voles with TRIzol Reagent kit (Invitrogen Life Technologies™, USA) following the manufacturer's recommendations. The concentration of RNA was determined with a NanoDrop 2000 UV-Vis spectrophotometer ("Thermo Fisher Scientific, " USA). cDNA was synthesized using Thermo Scientific RevertAid Reverse Transcriptase ("Thermo Fisher Scientific, " USA). PCR was performed using TaqPol polymerase kit ("Sileks, " Russia) with primers PuuVFor 5-CTGCAAGCCAGGCAACAAACAGTGTCAGCA-3' and PuuV-Rev 5'-TCTGCCACATGATTTTTGTCAAGCACATC-3' (Kariwa et al., 2009 ). The resulting PCR products were purified with Isolate II PCR and Gel Kit ("Bioline, " UK) and subsequently sequenced using ABI PRISM 310 big Dye Terminator 3.1 sequencing kit (ABI, USA). Obtained sequences were deposited in the GenBank database under accession nos. MG573266-573302.
Phylogenetic Analysis
The nucleotide alignments and phylogenetic analysis of the PUUV strains based on the partial S-segment sequences 171 nucleotides in length (nucleotides 424-594) were performed with MegAlign program (Clustal W algorithm) located in the DNASTAR software package Lasergene (DNASTAR, USA) and MEGA v6.0 (Tamura et al., 2013) . The parameters were adjusted manually.
Phylogenetic trees were constructed using maximum parsimony method included in MEGA v6.0. For comparison, several partial S-segment sequences of the genetically distinct PUUV strains were downloaded from GenBank database (NCBI sites vary. The high prevalence of infected bank voles was in sites S1-S4, S13, and S5-S7 located in two forests near the bank of the Volga river. In contrast, the lower proportion of infected animals was found in the isolated bank vole populations located in sites S9-S12 away from the Volga river. Plausible explanation is that bank voles are migration from sites S1-S4 to sites S5-S7. In addition, spatial distribution of hantavirus positive animals in different locations could be related to population densities and rates of virus transmission (Abbott et al., 1999; Mills et al., 1999) . PUUV partial S sequences (564 base pairs, nt 242-805) were obtained from all reverse transcription PCR positive bank voles, analyzed and used for constructing phylogenetic trees. In addition, sequences obtained earlier from the strains circulating in the patients diagnosed with HFRS in 2015 (Davidyuk et al., 2017) and sequences of the selected PUUV strains from GenBank database were included in the analysis. The region of the S segment was selected based on the fact that it is shown to be one of the most variable region and often used for the analysis of genetic variability of hantaviruses (Asikainen et al., 2000; Sironen et al., 2001; Johansson et al., 2004; Klempa et al., 2006; Garanina et al., 2009; Ali et al., 2015) . Sequence comparisons showed that PUUV sequences from each of the sites S1, S2, S4, S7, and S11-S13 displayed from 99.4 to 100.0% within-site nucleotide identity, although the sequences obtained from the site S3 were more variable (from 96.5 to 100% nucleotide identity). The sequences PUUV/Vysokogorsky/MG_054/2015 and PUUV/Vysokogorsky/ MG_058/2015 from the site S5 had 99.4% nucleotide identity while diverging significantly (83.6-84.8% nucleotide identity) from the rest of the sequences within the site S5 (see Tables 1  and 2 ). Nucleotide sequence identity between the sequences PUUV/Vysokogorsky/MG_064/2015 and PUUV/Vysokogorsky/ MG_066/2015 from the site S6 was as low as 83.0%. Between-site nucleotide sequence comparisons revealed that 12 samples from the sites S1-S4 (sample pool from these four sites was designated as ZEL) shared 99.4-100.0% sequence identity. The only sequence that diverged slightly was PUUV/Zelenodolsky/ MG_113/2015 (96.5-97.1% nucleotide identity with the rest of the ZEL pool). Likewise, the nucleotide sequences of 12 samples from the sites S5-S8 taken together (designed VYS-1 pool) displayed 98.8-100.0% nucleotide identity, and the nucleotide identity between the samples PUUV/Vysokogorsky/MG_054/2015 and PUUV/Vysokogorsky/MG_058/2015 from S5 and PUUV/ Vysokogorsky/MG_064/2015 of S6 (designated VYS-2 pool) was 100.0%. The lowest nucleotide identity was observed between the sequences from VYS-1 and VYS-2 pools (83.0-84.2%).
The nucleotide sequences of the samples from the sites S11 and S12 (designated LAI-1 pool) were 100% identical. These samples also showed 95.9% nucleotide identity with the PUUV strains isolated from the site S13 (designated LAI-2 pool). The results of the comparison of the PUUV sequences from the different pools are shown in Table 2 .
As expected, genetic variability of the PUUV S-segment nucleotide sequences obtained in the current study showed good correlation with geographic locations of the bank vole trapping sites. Sites S1-S4 are located in the western part of the sampled region, while sites S5-S8 are situated in the eastern part of the large forest (from Zelenodolsk to Vysokaya Gora), which borders the west and north of Kazan. There are no natural barriers to prevent migration of bank voles within the boundaries of this forest. Therefore, determining the boundaries of individual bank vole populations is difficult. All bank voles in this forest can be considered as one large population, which may include multiple local populations.
Likewise, sites S11 and S12 are located in the forest around Laishevo, and bank voles in this forest most likely form a distinct population; this conclusion is supported by the lower similarity observed between the PUUV sequences in the LAI-1 pool and in the ZEL/VYS pools. On the other hand, bank voles trapped in a relatively small isolated forest to the south of Pestretsy (S9) belong to a different population, and the PUUV strain identified in this forest differed significantly from the other groups.
The site S13 (LAI-2 pool) is located in the forest along the left bank of the Volga river west of Teteevo. The small mammals trapped there represent a group which is isolated from other populations included in the current study. As expected, corresponding PUUV sequences from LAI-2 pool are relatively distinct from ZEL/VYS pools and are most similar to those from LAI-1 pool.
Geographical locations of the trapping sites S9, S11, S12, and S13 and comparisons of the nucleotide identity values of the PUUV sequences from the corresponding PES, LAI-1, LAI-2 pools (Figure 1 and Table 2) suggest that these three pools might be phylogenetically closer to each other than to ZEL and VYS pools.
Nucleotide sequence comparisons of the partial S-segment PUUV sequences with the corresponding sequences of the previously known PUUV strains found in GenBank showed the sequences from VYS-2 pool to be 100.0% identical to the corresponding nucleotide sequence of the PUUV strain Sotkamo and 93.0% identical to the sequence of the PUUV strain Konnevesi, both of the FIN lineage. The sequences of this pool displayed the lowest level of nucleotide identity (81.9-84.8%) with the strains of the RUS lineage previously known from the Volga region of Russia, such as Samara, Kazan, Udmurtia, and Bashkiria strains ( Table 3) . On the other hand, nucleotide sequences of ZEL, VIS-1, PES, LAI-1, and LAI-2 pools were more closely related to the RUS genetic lineage (91.2-97.7% (Razzauti et al., 2009) . Since the PUUV strains of the FIN lineage were found in the several widely distributed geographic locations including central and southern parts of Finland (Vapalahti et al., 1992; Plyusnina et al., 2012; Razzauti et al., 2013) , Karelia (Asikainen et al., 2000) , and western Siberia (Dekonenko et al., 2003) , it could be suggested that these strains are distributed continuously from northern Europe (Finland) to at least western Siberia (Omsk region). In this case, forests in the Republic of Tatarstan, the Mari El Republic, and the Republic of Udmurtia could represent another zone of contact between the bank vole populations carrying PUUV strains of these two distinct genetic lineages. Consequently, the emergence of the reassortant and recombinant PUUV strains could happen in these areas. The verification of this assumption requires further investigation.
Phylogenetic Analysis of the Rodents and HFRS Patients' PUUV Strains
It is noteworthy that PUUV strains from PES, LAI-1, and LAI-2 pools showed slightly higher sequence identities with the corresponding sequences of Kazan and Udmurtia strains than the strains from ZEL and VYS-1 pools (see Table 3 ). Perhaps, this finding reflects the bank vole migration from the south to the north along the Volga River in the postglacial period (Dekonenko et al., 2003) . Interestingly, only the PUUV sequences PUUV/ Vysokogorsky/MG_054/2015, PUUV/Vysokogorsky/MG_058/ 2015, and PUUV/Vysokogorsky/MG_064/2015 demonstrated high identities (99.4-100.0%) to the strains, which were obtained earlier from HFRS patients infected with the strains belonging to FIN genetic lineage (Davidyuk et al., 2017) . Nucleotide sequence identities between the PUUV strains of the RUS genetic lineage obtained from bank voles and the PUUV strains of the same lineage found in HFRS patients exceeded 90.0%. In particular, the comparisons revealed that most sequences of the PUUV strains from HFRS patients and the strains from bank vole pools (specifically, RT024, RT031, RT033, RT036, RT038, RT039, RT057 versus ZEL; RT048, RT058 versus LAI-1; RT055 versus LAI-2; RT002, RT005, RT006, RT008, RT010, RT011, RT013, RT014, RT043, RT050 versus VYS-2; and RT065 versus PES) share from 98.2 to 100.0% nucleotide identity. Based on these data, one could assume with high confidence that corresponding patients acquired hantavirus infection in the northwestern region of the Republic of Tatarstan and even determine the approximate location where infection occurred. In other words, the sequences of the PUUV strains isolated from the HFRS patients could be used as a molecular marker for determining the probable area of infection (Figure 1) . Recently, similar data were published using HFRS cases diagnosed in some Europian countries, such as Germany, Finland, and Belgium Escutenaire et al., 2001; Ettinger et al., 2012) . The data obtained may be used in the future for the development of the epidemiological measures aimed at preventing infection and reducing the incidence of HFRS in RT. Surprisingly, one HFRS patient-originated PUUV strain RT012 did not show close genetic relationship to the strains identified in bank voles. This sequence displayed from 90.1 to 93.0% nucleotide identities with the sequences of the RUS genetic lineage isolated from bank voles and was 98.8% identical with "Bashkiria" strain. The patient might have contracted HFRS in the Volga region within the area where "Bashkiria" strain circulates including possibly unexplored regions of RT.
Phylogenetic tree of the PUUV strains obtained in the current study was reconstructed on the basis of the partial S-segment sequences (171 bp, nt 424-594) isolated from bank voles and HFRS patients (Figure 2) . The PUUV nucleotide sequences obtained formed two distinct clades, which corresponded to the FIN and RUS genetic lineages. The RUS clade included the LAI-1, LAI-2, PES, and ZEL+VYS-1 subclades, containing isolates from RT and Bashkiria. Each subclade includes PUUV strains isolated from bank voles and HFRS patients. It should be noted that strains of the "ZEL+VYS-1" subclade are equidistant to all previously known RUS lineage.
The majority of the PUUV sequences obtained from bank voles (34 from 37) clustered with the RUS lineage, while the remaining three sequences from VYS-2 pool clustered with the FIN lineage. Interestingly, sequences obtained from the HFRS patients showed different pattern: 12 sequences clustered with the RUS lineage, while 10 sequences were placed in the FIN lineage. Relatively high proportion of the patients infected with the FIN lineage strains could possibly be explained by: i) such strains circulate in the bank vole populations in the northwestern territory of RT that have not been sampled yet; ii) the infections could have occured within the limited geographic area around Yash-Ketch and Vysokaya Gora. More genetic analysis of PUUV circulating in RT and neighboring regions is required to explain variations in the number of patients infected with FIN and RUS virus lineages.
Different Clinical Manifestations in the Patients With HFRS Caused by the PUUV Strains of the FIN and the RUS Lineages
In order to compare clinical manifestations observed in the HFRS patients infected with the PUUV strains of the RUS versus FIN genetic lineages, clinical and laboratory data from 22 patients (17 male and 5 female) were analyzed. The patients were divided in two groups: group 1 included 12 patients from whom the PUUV strains of the RUS lineage were recovered (group "RUS"), and group 2 consisted of 10 patients infected with the PUUV strains of the FIN lineage (group "FIN"). The average age of the patients was 35.9 ± 12.06 years in "RUS" group and 49.8 ± 14.6 years in "FIN" group, respectively (p > 0.05). The average hospitalization period and the febrile and oliguric periods did not differ significantly in both groups (Table 4) . Urinalysis revealed proteinuria in 10 and 6 cases (р > 0.05) for "RUS" and "FIN" groups, respectively. Hematuria was observed in six "RUS" group and four "FIN" group cases (р > 0.05). Bleeding in the form of scleral hemorrhage was revealed in only one patient from "RUS" group. The kidney edema was observed in nine patients of the "RUS" group and in five patients Only values >60% are displayed (Felsenstein, 1985) . The maximum parsimony tree was obtained using the Subtree-Pruning-Regrafting (SPR) algorithm (Nei and Kumar, 2000) . The sequences labeled with "RT" and numbers were obtained earlier from the HFRS patients in the Republic of Tatarstan (Davidyuk et al., 2017) . The compressed branches marked "hum + ZEL," "VYS-1," and "hum + VYS-2" includes the following: (i) strains RT024, RT031, RT033, RT036, RT038, RT039, and RT057 and nine strains from the bank voles trapped in sites S1-S4; (ii) 12 strains from VYS-1 pool; (iii) strains RT002, RT005, RT006, RT008, RT010, RT011, RT013, and RT 014 and three strains from VYS-2 pool, and strain Sotkamo 2009, respectively.
of the "FIN" group (р > 0.05). Increased serum levels of urea were detected in 5 out of 12 in "RUS" and 3 out of 10 cases in "FIN" groups (р > 0.05). Furthermore, five of the patients from "RUS" group and four from "FIN" group experienced acute lung injury (р > 0.05). Gastrointestinal (GA) symptoms including stomach pain, nausea, vomiting, and diarrhea were documented in seven "RUS" group and three in "FIN" group (р > 0.05), while oliguria was found in nine "RUS" group and three "FIN" group of HFRS cases (р > 0.05). Impaired vision was observed only in the "RUS" PUUV lineage infected patients (4, p < 0.05), while pain in the lumbar region was experienced by 11 of the "RUS" patients and by 5 of the "FIN" patients (p < 0.05) ( Table 4) . Among the laboratory parameters investigated, patients of the "RUS" group showed an increased level of urea and creatinine as compared to the "FIN" group: 12.92 ± 3.20 mmol/l vs. 6.25 ± 0.82 mmol/l (р > 0.05) and 208.08 ± 56.14 μmol/l vs. 104.90 ± 3.52 μmol/l (p > 0.05) ( Table 4) . The "RUS" PUUV lineage-infected patients had a significantly lower platelet count (72.16 ± 12.16 × 10 9 /l) and higher aspartate aminotransferase (AST) level (50.83 ± 7.77 U/l) as compared to the "FIN" group, where thrombocyte counts were 131.0 ± 14.71 × 10 9 /l (p < 0.05) and AST level was 31.6 ± 3.76 U/l (p < 0.05).
Overall, the clinical manifestations seen in the HFRS patients of both groups mentioned above matched typical HFRS clinical manifestation caused by PUUV and were in agreement with the description given in the works of many authors (Trusov et al., 2004; Shakirova et al., 2011; Rasmuson et al., 2013) . HFRS was characterized by acute onset with fever, malaise, headache, pain in the eyes, and abdominal pain. Acute kidney injury diagnosed in 40-100% of patients depending on the disease severity. Hemorrhages are detected in some HFRS cases, including petechia, gastrointestinal, and nasal bleeding. Acute lung injury is evident in some patients and often characterized by mild to moderate dyspnea or dry cough (Rasmuson et al., 2013) . In severe cases, lung edema was found (Trusov et al., 2004; Rasmuson et al., 2013) . However, the significant differences in the course of the disease and biochemical findings observed in the current study suggest that the PUUV strains of the RUS lineage cause a disease with more severe clinical symptoms, including more pronounced hemorrhages and renal manifestations, unlike the PUUV strains of the FIN lineage, which cause a milder form of HFRS.
We believe that the results of this investigation are of particular importance not only for the local health authorities in Tatarstan but also for the international scientific and public health community. As PUUV could be found throughout most of Europe and Asia, PUUV strains currently circulating in RT are integral part of the Old World HFRS epidemics. Our current data confirm that PUUV strains circulating in RT (called Finnish and Russian genetic lineages) are genetically related to the virus strains found in the Western and Central Europe. Thus, current data improve our understanding of PUUV distribution and genetic diversity. Ongoing climate change could influence the bank vole migration patterns and therefore affect future distribution and genetic composition of PUUV strains throughout its entire geographic distribution. PUUV strains could "migrate" together with their natural hosts into the new areas that were not endemic in the past. In addition, increased international trade could inadvertently promote introduction of PUUV rodent hosts into the new areas. Thus, comprehensive understanding of PUUV epidemiology in RT could assist in predicting the virus spread beyond its current geographic range and investigating future HFRS outbreaks.
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